Background: Driving is one of the most common everyday tasks and the rotator cuff muscles are the primary shoulder stabilisers. Muscle forces during driving are not currently known, yet knowledge of these would influence important clinical advice such as return to activities after surgery. The aim of this study is to quantify shoulder and rotator cuff muscle forces during driving in different postures. Methods: A musculoskeletal modelling approach is taken, using a modified driving simulator in combination with an upper limb musculoskeletal model (UK National Shoulder Model). Motion data and external force vectors were model inputs and upper limb muscle and joint forces were the outputs. Findings: Comparisons of the predicted glenohumeral joint forces were compared to in vivo literature values, with good agreement demonstrated (61 SD 8% body weight mean peak compared to 60 SD 1% body weight mean peak). High muscle activation was predicted in the rotator cuff muscles; particularly supraspinatus (mean 55% of the maximum and up to 164 SD 27 N). This level of loading is up to 72% of mean failure strength for supraspinatus repairs, and could therefore be dangerous for some cases. Statistically significant and large differences are shown to exist in the joint and muscle forces for different driving positions as well as steering with one or both hands (up to 46% body weight glenohumeral joint force). Interpretation: These conclusions should be a key consideration in rehabilitating the shoulder after surgery, preventing specific upper limb injuries and predicting return to driving recommendations.
Introduction
Driving is one of the most common everyday tasks. The function of the shoulder in driving is to provide actuation to steering and thus injuries to this structure can not only inhibit function, but these injuries might also be exacerbated by the steering function. The shoulder is a joint for which the active stabilisers (rotator cuff muscles) provide a greater proportion of restraint than the articulating surfaces or ligaments when compared to joints such as the hip or knee (Kedgley et al., 2008; Veeger and van der Helm, 2007; Yanagawa et al., 2008) . Therefore, in order to understand the function of the shoulder, it is important to identify muscle activation levels.
Prior work using surface electromyography (EMG) has shown low correlation between the activity of the shoulder muscles and the movement of the steering wheel, and therefore, little is known about which muscles are active during driving (Solveig and Johnsson, 1975) . Due to the fact that surface EMG is normally used for large superficial muscles (such as deltoid, trapezius, biceps and triceps), not all the muscles can be assessed simultaneously. According to the results of Solveig and Johnsson (1975) , both the main flexors and extensors of the elbow are not the prime movers in turning the wheel. However, prior work has not allowed the quantification of the activation of deep muscles, such as the rotator cuff muscles, and the effect of driver position on this activation.
Therefore, the aim of this study was to quantify rotator cuff muscle forces during sudden steering in different postures. Due to ethical and practical limitations with needle EMG, a combined musculoskeletal modelling with kinematic and kinetic measurement approach is taken.
Materials and methods

Subjects
Eight healthy right-hand male subjects with no history of shoulder pathology participated in the study (age: 25 SD 4 years, height: 178 SD 10 cm, body mass: 71 SD 12 kg). Informed consent was obtained from each subject, and ethical approval was granted from Imperial College Research Ethics Committee (ICREC_12_1_15).
Apparatus
A driving simulator was designed and built with a user interface that instructs the subject to suddenly turn right or left in a random order; simulating an avoidance task. The simulator was set up to assess right upper limb function during turning to the left or right. The initial design of the simulator was conducted by Haynes (2005) to simulate driving a standard family vehicle. In this study, the simulator was modified to measure the external force. The task is completed when the wheel has been turned 65°. The forces at the hands are measured by a calibrated, strain-gauge-instrumented attachment on the driving rig (Fig. 1) . Specifically, the system consists of four TML (FLA-5-23) strain gauges (Tokyo Sokki Kenkyujo Co. LTD, Tokyo) at each handle, using a full Wheatstone bridge configuration with a bending strain gauge arrangement. Torque resistance on the wheel is set at 4 Nm in order to simulate a standard driving torque (Li and Xian, 2013) . Motion of the subject and simulator wheel is tracked using optical motion tracking (VICON Motion Tracking System, VICON, Oxford, UK) acquiring data at 100 Hz (Fig. 1) . A micro analogue 2 (FE-366-TA) amplifier (Flyde Electronic Laboratories LTD, Preston) was used for the communication between the strange gauges and the VICON capture system. The output voltage was given in the VICON system synchronised with the motion tracking data. Four markers were placed on the handles, two on each handle ( Fig. 1) to define the external force vector's direction for input into the model.
Protocol
Optical motion tracking markers were placed on the subject according to the landmarks recommended by the ISB (Wu et al., 2005) considering the upper limb as 5 segments: thorax, scapula, humerus, radius, and ulna. Specifically, the markers were placed on the radial styloid (most cauda-lateral point), ulna styloid (most cauda-lateral point), right and left acromioclavicular joint (most dorsal point), incisura jugularis (suprasternal notch), processus xiphoideus (most caudal point on the sternum), processus spinosus (on the 7th cervical vertebra) and processus spinosus (on the 8th thoracic vertebra). The position of the medial and lateral epicondyle was defined according to the position of the technical coordinate system of a pointer's triad in static trials before data collection. During motion capture, the position of each epicondyle was reconstructed through geometric calculations with respect to an upper arm technical coordinate frame (Cappozzo et al., 1995) . In order to describe the orientation of the upper limb joints in the 3D Euclidean space, the shoulder, elbow and scapular rotations were calculated using Euler angles with z-x′-y″ Cardan sequence. For the elbow joint, the rotations about z, y and x axes are the elbow flexion/extension, pronation/supination and varus/valgus (tilt), respectively, and for the glenohumeral joint, the rotations about z, y and x axes are forward flexion/extension, external/internal rotation and abduction/adduction, respectively (Wu et al., 2005) . Subjects were asked to position themselves on an adjustable seat in their 'comfortable driving position'. In this position, they were instructed to respond to the randomised instruction from the simulator to turn left or right at maximum speed. Six left and six right turn recordings were taken. Each subject repeated the measures for the following conditions ( Fig. 1): I Comfortable seated position, both hands on wheel. II Comfortable seated position, single hand on wheel. III Distant seated position, both hands on wheel. IV Close seated position, both hands on wheel.
These positions were chosen to allow comparison with literature data (Westerhoff et al., 2009 ) and analysis of the full range of driving positions that have been described subjectively as comfortable for driving (Park et al., 2000; Rebiffe, 1966) .
Modelling and analysis
The motion data and the external force at the hand ( Fig. 1) were used as inputs into the UK National Shoulder Model (UKNSM; Charlton and Johnson, 2006) , which was used to model upper limb muscle forces in the right shoulder. The model is an inverse dynamics musculoskeletal model of the upper limb including 91 muscle elements crossing five joints (sternoclavicular, acromioclavicular, scapulothoracic, glenohumeral and elbow). Model verification is performed through comparison to EMG and instrumented-implantvalidated model results (Charlton and Johnson, 2006; Prinold et al., 2013) . The load-sharing optimisation minimises the sum of the squared muscle stresses, a criterion that results in low amounts of co-contraction. The wrist is considered as a fixed joint and thus the load-sharing optimisation is not applied to this joint. The tangential force vector defined on the steering wheel is applied through the centre of mass of the hand and translated to the wrist position. Subject-specific measurements, such as upper limb segmental lengths, and body weight and height are used for scaling the musculoskeletal model body segment parameters. Muscle physiological cross-sectional areas and maximum muscle stress (100 Ncm −2 ) were not scaled. Scapula kinematics are derived from regression equations based on the humero-thoracic position (Charlton and Johnson, 2006) . The model outputs were glenohumeral joint reaction force, muscle forces and muscle activation (maximum predicted muscle force in the driving task divided by the muscle's maximum producible force; Table 1 ). Rotator cuff muscles and selected other muscles, qualitatively observed from the model results to be most active, were analysed (Table 1) . SPSS Version 21 (IBM Corporation, New York, USA) was used for the statistical analysis. Differences between the four loading states were assessed using a repeated measures one-way ANOVA with pairwisecomparison analysis using the Holm-Bonferroni method. 'Condition I' was used as the reference value in order to identify the differences between the different conditions.
Results
The mean maximum glenohumeral joint force with the subjects sitting in a comfortable position turning right was found to be 61.1 SD 7.8% BW (≈425 N and where BW refers to body weight; Fig. 2 ) compared to 39.4 SD 6.0%BW turning left. Higher muscle forces and activations were found turning right, therefore this is considered to have greater clinical importance and only these forces are presented. The pattern of the glenohumeral loading throughout the motion is presented and compared to in vivo measurements (Fig. 2) . The difference in muscle and joint forces that are found in this study are a result of both different kinematics (Fig. 5 ) during steering as well as the external forces at the hand (Fig. 1) .
The 'distant to the wheel' driving position (Condition III) led to the highest individual muscle activation (71 SD 3% in the medial deltoid head) and also generally led to higher activations in the other muscles (Fig. 3) . Conversely, driving close to the wheel (Condition IV) significantly reduced the muscle forces (p b 0.05; Table 2 ) and reduced the glenohumeral joint force 61.1 SD 7.8% BW to 35.3SD 3.1 %BW (p b 0.05). The largest difference between the two different driving positions is observed in the medial deltoid head. The maximum muscle activation in the comfortable position is similar between driving with one hand and two hands (Fig. 3) , with significant differences found in some cases (Table 2) .
The six most active muscles: trapezius medial head, triceps medial head, deltoid medial head, supraspinatus, infraspinatus, and long head of biceps are presented during right steering in the four different driving positions (Fig. 4) . This facilitates understanding of each muscle's role during the motion.
Discussion
This study presents musculoskeletal model predictions of muscle and joint loads during driving -an important daily activity. The predicted GH joint reaction forces are comparable to the literature values for in vivo GH joint reaction forces (Fig. 2) . The predicted muscle actions are also explicable; the middle deltoid is the most active muscle in maintaining the arm in a raised position, using its strong extension Table 1 Muscles that are considered in this study and their abbreviations. The number of elements used in the musculoskeletal model to represent each muscle. The maximum allowable muscle force, used as a constraint in the musculoskeletal modelling (Charlton and Johnson, 2006) , is also shown. 
Percentage of motion (%)
Condition I (±5%) Condition II (±7%) Condition III (±6%) Condition IV (±2%) In vivo: two-hands(±1%)
In vivo: one-hand Fig. 2 . Mean values of the GH joint contact force during four driving conditions compared to in vivo data from instrumented GH implants. 0% indicates that the wheel is turned 0°; just beginning to turn, while 100% indicates the wheel is turned 65°. The average time representing the 100% of the motion is 0.268 SD 0.065 sec. The mean in vivo measurements for turning right (or left in the case of the left-handed subject) are also presented (Westerhoff et al., 2009) . Note that the one-handed in vivo wheel turn is the data from a single subject because it is the only subject's data that are considered complete (OrthoLoad, 2014) . The mean inter-subject standard deviations are shown in the insert.
moment arm (Figs. 3 and 4; Ackland et al., 2008) ; the supraspinatus and long head of biceps also support the weight of the arm (Fig. 3) while applying a well-directed line of action for centralising the humeral head on the glenoid (Ackland and Pandy, 2009 ); the trapezius muscles are active in maintaining the elevation of the shoulder girdle, as observed in similar positions, such as desk-work (Rasmussen and De Zee, 2010) ; infraspinatus and short head of triceps then act to actuate the steering task, flexing the shoulder and extending the arm, respectively. The modelling limitations of this study are similar to those of current generic musculoskeletal models. Scapula kinematics was derived from regression equations rather than measured kinematics. However, given the small range of motion at the GH joint (b24°flexion/extension and b18°abduction/adduction), the effects of this should be relatively insignificant- Fig. 5 shows the kinematics for the GH joint for all driving conditions. The modelling of the wrist is simplified to a fused joint. Although there will be active muscles driving the hand to grip the wheel, it is observed that the muscle forces at the elbow are relatively small (Fig. 3) , and therefore, the effect of this simplification should not be significant further up the model chain; which is the focus on this study. Others have found that high levels of grip (up to 50% MVC) do not have a significant effect on shoulder muscle activation at low levels of arm elevation (Palmerud et al., 2000; Sporrong et al., 1996) .
The subjects in this study are young adults. Although elderly populations are generally associated with rotator cuff injury (Minigawa and Itoi, 2006) , it is known that a history of trauma is the most strongly correlated factor with rotator cuff tears (Yamamoto et al., 2010) and the conclusions relating to the loading of the shoulder muscles and shoulder joint are relevant to the very large population that regularly drive (38 million driving licenses held in the UK; data.gov.uk, 2013), regardless of age. Westerhoff et al. (2009) measured joint forces in vivo for steering with both hands and sitting in a comfortable position by using telemeterised shoulder implants in four patients. One of the subjects performed a motion that was significantly different from the others and the motion performed in this study (OrthoLoad, 2014) and is therefore not included in the presented analysis. In order to improve the similarity between experimental methodologies, only the right turn portion of the motion is considered from the in vivo data. The predicted values of the joint forces in Condition I (61.1 SD7.8 %BW mean peak) are similar to the in vivo values (59.9 SD1.1 %BW mean peak; Fig. 2 ). The pattern of the joint load from the telemeterised GH joint implant is also similar to this study; with a peak value found at about 40% of the motion (Fig. 2) . The differences between the results of these studies could be explained by: the different torque resistance in the wheel (57% lower here), the different speed at which the task was performed (faster here) and the amount of wheel turn (90°right compared to 65°right here). Shoulder muscle activations are strongly and positively correlated with the steering resistance torque (Pick and Cole, 2006) . All the subjects used by Westerhoff et al. (2009) are patients with osteoarthritis of the shoulder, therefore the effects of surgery and learnt coping mechanisms must be considered The comparison with literature should only be considered as an approximate test of magnitude and pattern, because of the high inter-individual variation of joint forces during steering (Westerhoff et al., 2009) , small sample size of in vivo data, differences in experimental methodology and the fact that the data from the literature are for patients with an endoprosthesis with likely high level of cocontraction to achieve joint stability.
Steering right was found to produce higher joint loads in the right shoulder; the literature is contradictory (Westerhoff et al., 2009) , although the mean trends in this result are not described; the fact is simply stated. The discussed differences between the studies may contribute to this difference, particularly the fact that the subjects have replacement shoulder implants. These subjects are therefore likely to have a reduced range of motion (Bryant et al., 2005; Ludewig et al., 2009) , meaning that the upward portion of the driving (turning left with the right hand) becomes an activity that is potentially near the edge of their range of motion, particularly at 90°of wheel turn-leading to increased joint forces. One limitation could also be that inversedynamics musculoskeletal models are not currently able to predict muscle co-contractions at the GH joint. This is likely to strengthen the discussed conclusions related to high supraspinatus and infraspinatus loading, since these muscles are expected to co-contract (Veeger and van der Helm, 2007) .
The results show that most driving conditions caused moderate (N30%) to high activation (N50%) of supraspinatus and deltoid with some moderate activation of infraspinatus (Table 2) . Repeated high muscle activation could lead to muscle fatigue or even overload; particularly since supraspinatus and deltoid are potentially loaded eccentrically (Lieber and Friden, 1993; Proske and Morgan, 2001 ). Moreover, these muscles presented nearly two times higher activation than any other muscle of the upper limb; therefore, injury to one of these muscles could lead to a dangerous increase of the activation of the other muscles to compensate. As supraspinatus and deltoid act together, injury or weakness in one of these muscles may mean that the other muscle will be unable to compensate for the load due to the already high activation when both muscles are functioning normally. This may have implications for joint instability, particularly in the case of the supraspinatus. Driving close to the wheel reduces the forces generated by the supraspinatus muscle by 31% (peak forces) and 45% (mean forces; Fig. 4 ) and therefore reduces the risks of overloading (including the discussed rotator cuff repair below). This is expected because the moment at the shoulder caused by the mass of the arm will be reduced when compared to the comfortable (Condition I), and particularly the distant (Condition III), driving conditions.
The reduced but similar GH joint loads in driving with one hand ( Fig. 2 ; Condition II) may be explicable because when turning right, it is not necessary to overcome the mass of the other hand and arm, as is the case of driving with both hands (Condition I). The pattern of the GH joint force between one and two hand driving has some similarity to the in vivo pattern of loading ( Fig. 2; Westerhoff et al., 2009 ), although these data are only taken from one subject and are thus of limited utility.
Estimates of the cumulative annual incidence of rotator cuff disorders vary from 7% to 25% in the Western general population (Bilal, 2011) , while the mean failure strengths for single-row repairs and double-row repairs of supraspinatus are 224 SD 148 N and 325 SD 74 N, respectively Smith et al. (2006) . In this study, supraspinatus forces in driving 'distant to the wheel' (Condition III) were as high as 164 SD 27 N; 73% of the failure load. As the glenohumeral joint is inherently unstable, co-contraction is often seen with upper limb motions. However, as this computational method predicts only low levels of co-contraction due to the mathematics of the model cost function, so it is likely to underestimate this co-contraction. Therefore, it is expected that in some cases, loading may actually be higher than quantified here; this points to the need for care in a post-operative rotator cuff repair period.
As rotator cuff muscles weaken with age, there would be an expected change in the kinematics of steering. This would result in different model outputs. Therefore, further work should focus on increasing the sample size of the study to allow for variations in gender, age and body dimensions to be assessed. In addition, driving positions could be parameterised in terms of distance to the wheel which could then lead to the definition of a safe driving position that is associated with shoulder pathology. Finally, as with all musculoskeletal modelling studies, further validation could be conducted with EMG and instrumented implants.
